1] The magnetic properties of olivine-hosted Fe-Ni particles have been studied to assess the potential of "dusty olivine" to retain a pre-accretionary remanence in chondritic meteorites. Both body-centered (bcc) and face-centered cubic (fcc) Fe-Ni phases were formed by reduction of a terrestrial olivine precursor. The presence of Ni complicates the magnetic properties during heating and cooling due to the fcc-bcc martensitic transition. First-order reversal curve (FORC) diagrams contain a central ridge with a broad coercivity distribution extending to 600 mT, attributed to non-interacting single-domain (SD) particles, and a "butterfly" structure extending to 250 mT, attributed to single-vortex (SV) states. SD and SV states were imaged directly using electron holography. The location of the SD/SV boundary is broadly consistent with theoretical predictions. A method to measure the volume of individual SD particles using electron holography is presented. Combining the volume information with constraints on coercivity, we calculate the thermal relaxation characteristics of the particles and demonstrate that the high-coercivity component of remanance would remain stable for 4.6 Ga, even at temperatures approaching the Curie temperature of pure Fe. The high coercivity of the particles, together with the chemical protection offered by the surrounding olivine, is likely to make them resistant to shock remagnetization, isothermal remagnetization and terrestrial weathering, making dusty olivine a credible recorder of pre-accretionary magnetic fields.
Introduction
[2] Paleomagnetism of extraterrestrial materials has the potential to provide a unique record of the magnetic fields present during the early solar system [Rochette et al., 2009; Weiss et al., 2010a] . For example, recent work on the post-accretionary remanence of basaltic achondrites provides evidence for an active core dynamo on differentiated parent bodies [Weiss et al., 2008] . Evidence of a core dynamo has also been found in the CV carbonaceous chondrite Allende, casting doubt on the common assumption that chondrite parent bodies are undifferentiated [Carporzen et al., 2011] . The question of whether some chondritic meteorites retain a record of pre-accretionary remanence, however, remains open. Pre-accretionary signals would have been recorded by individual chondrules during their formation in the solar nebula, prior to their accretion onto their meteorite parent body. Investigating the remanent magnetization of chondrules may, therefore, provide important clues to the mechanism and location of the heating event that caused melting of the chondrule precursor -one of the most important open questions in cosmochemistry. Identifying and quantifying the preaccretionary remanent magnetization of individual chondrules is a major scientific and technological challenge. Meteorite samples record not only primary thermoremanent magnetization (TRM) but also thermochemical remanent magnetization (TCRM) due to hydrothermal alteration and/or metamorphism, shock remanent magnetization (SRM) caused by subsequent impact events, viscous remanent magnetization (VRM) due to long-term exposure to magnetic fields (e.g., the Earth's field or that of the parent body) or induced isothermal remanent magnetization (IRM) caused by short-term exposure to magnetic fields during collection and curation. A suitable carrier for primary TRM should therefore be chemically, thermally and magnetically very stable. [3] Dusty olivine grains within chondritic meteorites have been proposed as a suitable candidate for retaining a faithful memory of pre-accretionary magnetic fields [Uehara and Nakamura, 2006 ]. These high-Mg olivine grains contain metallic Fe-Ni inclusions of various sizes, which were formed by a sub-solidus reduction of the fayalitic component (Fe 2 SiO 4 ) of the olivine [Boland and Duba, 1981] . Dusty olivines can be found in porphyritic chondrules in unequilibrated chondrites and are proposed to be relict olivine grains (remnants of previous generations of chondrules) that survived the last chondrule formation event without melting [Nagahara, 1981] . Backscattered scanning electron microscopy (SEM) images of dusty olivine grains from the Bishunpur unequilibrated ordinary chondrite (LL3.1) are shown in Figure 1 . Bishunpur is widely regarded to be among the most pristine of nebular materials, preserving a relatively unaltered record of solar nebular processes [Rambaldi and Wasson, 1981] . [4] The reduction that formed the Fe-Ni inclusions is thought to be caused by the presence of organic or graphitic carbon in the chondrule precursor [Connolly et al., 1994] . It requires low oxygen fugacity (below the Fe-wüstite buffer) and temperatures between 950 and 1500°C [Boland and Duba, 1981] . Pack et al. [2003] observed orthoenstatite as by-product of this reaction. Natural dusty olivines in chondrules exhibit various microstructural features, including a separation into dusty cores and clear rims (or vice versa) and randomly distributed bands of dusty regions within the olivine crystals [Rambaldi and Wasson, 1982; Jones and Danielson, 1997] . The size distribution of the Fe inclusions ranges from several micrometers down to a few nanometers, and inclusions are often found aligned in linear arrays [Rambaldi and Wasson, 1982; Jones and Danielson, 1997] . Electron microprobe analysis of large metal precipitates (>5 mm) show highly variable Ni-content [Rambaldi and Wasson, 1982] . Leroux et al. [2003] found that metal particles in the dusty olivines of the Bishunpur meteorite were single crystals with bcc structure and sometimes euhedral shapes. Occasionally they are aligned crystallographically within the host olivine, mostly exhibit low Ni-contents and are often enclosed by an amorphous glass layer. Synthetic dusty olivines displaying similar structures have been produced and described previously [Boland and Duba, 1981; Connolly et al., 1994; Leroux et al., 2003; Uehara and Nakamura, 2006] . Black olivine bearing SD-SP Fe-Ni grains have also been found in two strongly shocked Martian meteorites [Van de Moortèle et al., 2007] .
[5] The first to consider the magnetic properties of dusty olivine were Uehara and Nakamura [2006] . Their synthetic dusty olivines showed very strong remanences with Curie temperatures of 760°C, indicating a low-Ni (<7wt%) Fe-Ni alloy. Importantly, their samples proved to be exceedingly stable with respect to alternating-field (AF) demagnetization. After exposure to fields of 160 mT, samples retained between 15% and 30% of their original remanence, and the mean destructive field exceeded 80 mT. Given the highly promising magnetic characteristics established by Uehara and Nakamura [2006] , further investigation of the magnetic properties of the Fe-Ni particles within dusty olivine is warranted. Here we present a mineral magnetic investigation of synthetic dusty olivine using a combination of X-ray diffraction (XRD), optical microscopy, SEM, transmission electron microscopy (TEM), temperature-dependent magnetic susceptibility (c-T), first-order reversal curve (FORC) diagrams and off-axis electron holography (EH). Such detailed mineralogical characterization of potential remanence carriers is essential if we are to have confidence in the interpretation of paleomagnetic data obtained from meteoritic material. By direct observation of the magnetic state of individual particles, we are able to identify which are likely to be reliable remanence carriers and predict the blocking temperature as a function of observation time. The results confirm the suitability of dusty olivine as a carrier of pre-accretionary remanence and provide a useful guide for the design of a reliable paleointensity protocol. A detailed TRM study of these samples has also been carried out and will be presented in a subsequent paper focusing on a comparison of different non-heating methods of paleointensity determination.
Experimental Procedures
[6] Natural olivine crystals (Mg, Fe) 2 SiO 4 from Icelandic basalt with an average composition of 10.2% fayalite and an average Ni content of 0.33 wt% oxide [Maclennan, 2008] served as starting material for the production of synthetic dusty olivines. These olivine crystals were crushed and powdered under acetone using an agate mortar, and in some experiments, pressed into a pellet. In some instances, graphite powder was added to the olivine to enhance reduction and increase the yield of Fe precipitates. The powder/pellet was then loaded into a graphite crucible, heated at a rate of 25-30°C/min to a peak temperature between 1315 and 1425°C, and held there for several minutes according to the estimated duration of a heating event associated with the formation of chondrules [Fox and Hewins, 2005] . Following this, the sample was either gradually cooled to 750°C and then quenched (in air or water), or quenched directly from the peak temperature. To achieve the reducing conditions required for the precipitation of metallic Fe, most experiments were conducted under a pure CO-atmosphere in a gas-mixing furnace, which fixes the oxygen fugacity at the C-CO buffer [Robie et al., 1979] , well within the stability field of metallic Fe. One sample (chond3) was annealed in a graphite crucible within an evacuated quartz tube. Specific details of the preparation method used for each sample are given in Table 1. [7] Samples were mounted on glass slides and polished using 3 mm diamond paste for investigation via reflected light optical microscopy. For SEM measurements the samples were given a final polish using colloidal silica. Backscattered SEM measurements were conducted on carbon-coated samples with a Helios EBS3 field-emission gun SEM using an accelerating voltage of 5-20 kV and a working distance between 3.2 and 5.3 mm. TEM images were obtained with a 100 kV Jeol JEM-100CX electron microscope operating in bright field mode. Samples were mounted on a Cu grid and argon ion milled to electron transparency. Powder XRD experiments were conducted using a Bruker D8 powder diffractometer with 2q ranging from 10 to 130°and a step size of 0.02°. Cu Ka 1 radiation was used as X-ray source.
[8] The temperature dependence of magnetic susceptibility was measured using an MFK1-FA MultiFunction kappabridge (AGICO). All measurements were conducted using an AC field amplitude of 711 A/m, a frequency of 976 Hz and a temperature sweep rate of 11°C/min. Measurements below room temperature were made by cooling the sample to −192°C using liquid nitrogen and then recording the change in susceptibility on warming. High-temperature experiments up to 800°C were conducted under a flowing argon atmosphere to inhibit oxidation. Measured temperatures between [Ridley and Stuart, 1968] ).
[9] FORC measurements Roberts et al., 2000] were conducted on a Princeton Measurements vibrating sample magnetometer (VSM) under ambient conditions. The applied saturation field was 1.2 T. A total of 110 curves per sample were measured, giving a field step width for adjacent FORCs of 11.5 mT. FORCs were processed using FORCinel [Harrison and Feinberg, 2008] applying a smoothing factor of 3.
[10] EH measurements were acquired at the Technical University of Denmark using an FEI Titan 80-300 TEM equipped with a field-emission electron source, monochromator, spherical aberration probe corrector, Lorentz lens, and an electrostatic biprism to enable the formation of holographic interference fringes across a ∼1 mm wide region of interest [Harrison et al., 2002; Dunin-Borkowski et al., 2004a , 2004b Feinberg et al., 2006; Harrison et al., 2007; Dunin-Borkowski et al., 2007] . Magnetic fields were applied to the sample in situ, prior to the acquisition of each hologram. A positive vertical magnetic field (up to 2.2 T) was generated by passing a known current through the microscope's objective lens. The sample was magnetized in the vertical field by tilting the specimen stage to an angle of either ±30°using a conventional sample holder or ±78°using a specially adapted high-tilt holder. After magnetizing, the field was switched off and the sample stage rotated back to horizontal. All holograms were acquired at remanence. The residual magnetic field at the sample due to stray fields of the electromagnetic lenses was <0.1 mT.
[11] The magnetic contribution to the total electron phase shift was isolated from the mean inner potential contribution using the reversed saturated pairs method . A reversed saturated pair consists of two holograms obtained after tilting the specimen stage to positive and negative angles in a 2.2 T vertical field. The mean inner potential and magnetic contributions to the phase shift are determined by calculating half the sum and half the difference, respectively, of the positive-tilt and negative-tilt phase maps. This method assumes that the magnetization of the sample reverses exactly for positive and negative tilts.
Any particle that does not reverse will contribute equally to the positive-tilt and negative-tilt phase maps and its magnetic contribution is canceled out during subtraction. A higher percentage of reversed particles was found for tilt angles of ±78°. To increase the number of observed particles, we used the mean inner potential map derived from the high-tilt measurements to determine the magnetic contribution in the low-tilt measurements. This procedure allowed us to observe the true magnetic signal of any particle that reversed in the ±78°tilt measurement and twice the magnetic signal of any particle that did not reverse in the ±78°measurements but did reverse in the ±30°measurements.
Results

Microscopic and Crystallographic Characterization
3.1.1. Optical Microscopy [12] Reflected light optical microscopy ( Figure 2 ) confirms the occurrence of numerous small metallic particles in the interior of the olivine crystals, giving them a dusty appearance. Larger metal precipitates are located between individual olivine grains. These features resemble those found in natural dusty olivines, with some crystals showing dusty rims and inclusion-free interiors, while others are transected by bands of dusty regions [Rambaldi and Wasson, 1982; Jones and Danielson, 1997] . Synthetic samples produced with excess powdered graphite occasionally displayed relict graphite grains that survived the heating process. Olivine grains are occasionally surrounded by a two-component adhesive, which was used to hold the sample together during the polishing process. Histograms of particle length and axial ratio are shown as insets in Figure 2 . Particles range in size from a few hundred nanometers (the limit of optical resolution) to a few microns. Generally, the larger particles are equant. The grain size and axial ratio distributions of the synthetic samples compare favorably with those of natural samples (Figure 1 ).
SEM
[13] SEM images of chond4 are depicted in Figure 3 . The microstructure comprises nanometerscale Fe-Ni inclusions and larger metal aggregates within the host olivine crystals, again with similar features to those observed in natural dusty olivines. The largest particles visible in Figure 3a are ∼1 mm in size. Smaller, more common, particles range in size from 10 s to 100 s of nanometers and occasionally appear to form one-dimensional chains in two distinct crystallographic orientations ( Figure 3b ). Figure 3c illustrates that many of these "chains" are in fact two-dimensional sheets, which appear as chains when exposed at an intersecting surface. This spatial arrangement of metal inclusions could be a result of heterogeneous nucleation on networks of dislocations or sub-grain boundaries. A higher magnification SEM image of the sample (Figure 3d ) shows a range of small metal precipitates exhibiting sizes from about 300 nm down to below 100 nm. The results of particle analysis of this image are shown in Figures 3e and 3f . The observed axial ratios are again similar to those recorded for Fe particles in dusty olivines of the Bishunpur meteorite (cf. Figure 1) . However, the size range examined here is about a factor of 10 smaller than in the natural sample.
TEM
[14] Bright field TEM images of sample chond9 ( Figure 4 ) reveal abundant submicron-sized Fe inclusions not visible in the SEM. Their sizes range from a few hundred down to a few tens of nanometers or even smaller, some of them clearly being below the critical single-domain size for equidimensional Fe (23-28 nm [Kneller and Luborsky, 1963; Butler and Banerjee, 1975; Snoeck et al., 2008] ). Some of these metal particles show bubble-like light spots at their edges (Figure 4b ), similar to the amorphous silica phase identified by Leroux et al. [2003] in association with metal inclusions in natural as well as synthetic dusty olivines. Leroux et al. [2003] proposed the following reduction reaction for the formation of dusty olivine: The volatilization of SiO was proposed to explain the lower-than-expected proportions of amorphous SiO 2 in relation to the amount of metallic Fe in the dusty olivine. A more likely explanation, given the comparatively low temperatures of our synthesis experiments, is that any SiO 2 released through equation (1) is unstable in the presence of forsterite and back-reacts to produce enstatite [Pack et al., 2003] :
Grains of orthoenstatite showing characteristic stacking faults are clearly visible throughout the TEM samples ( Figure 4c ). In some cases the metal precipitates are associated with dislocations within the host olivine (Figure 4d ), consistent with the suggestion that heterogeneous nucleation on dislocation arrays (subgrain boundaries) is responsible for the planar arrangement of particles observed in SEM. Many of the metal inclusions display complex internal microstructures ( Figure 5 ). Dark and light contours running around the perimeter of the inclusions are interpreted as thickness fringes, showing that the particles thin toward their edges. Patterns typical of twinning were commonly observed ( Figure 5 ). These features may be linked to the fcc-bcc martensitic transition on cooling, as discussed below.
[15] Electron diffraction was used to determine the orientation relationship between the metal precipitates and the host olivine. The {110} type planes of the bcc Fe are aligned parallel to the (100) plane of the olivine. This same relationship was also found by Leroux et al. [2003] . However, the appearance of a faintly visible diffraction ring, containing all the Fe peaks, indicates that not all the inclusions are aligned perfectly within the host olivine crystal.
3.1.4. XRD [16] Powder XRD measurements of the starting material and several reduced samples were conducted. The starting material shows forsteritic olivine as the only phase (Table 2) . Using the regression equation for the forsterite-fayalite series by Schwab and Kustner [1977] the mole fraction of fayalite could be determined as X Fa = 0.13. The reduced olivine has a lower fayalite content compared to the starting material (Table 2 ). The lattice parameters of chond11 yielded a negative mole fraction of fayalite, presumably indicating a composition close to pure forsterite. All reduced samples produced metallic Fe-Ni in varying amounts and structure. The bcc (kamacite) and fcc (taenite) structures are easily distinguished in XRD by the appearance of characteristic peaks at ∼45 and ∼43°2q, respectively. Contrary to previous studies of synthetic and natural dusty olivine, which suggest that Fe is always present in its bcc form, our results indicate that almost any combination of bcc and fcc phases can be obtained when the initial Ni content of the olivine is significant. Sample chond9 shows a high proportion of fcc Fe-Ni and only minor traces of bcc Fe. Chond10 has a much higher proportion of bcc Fe, although an fcc peak is still clearly observable. Chond11 contains a large amount of Fe solely of bcc structure. All reduced samples show additional peaks at ∼28°2q, corresponding to the 420 peak of orthoenstatite, which is consistent with the results of previous studies [Boland and Duba, 1981; Pack et al., 2003] . Samples chond10 and chond11 also revealed the presence of a graphite phase, consistent with optical microscopy observations that some grains of the added graphite powder survived the furnace treatment. Representative XRD patterns are presented in the auxiliary material. 1
Magnetic Characterization
Magnetic Susceptibility Measurements
[17] Low-temperature magnetic susceptibility measurements were used to check for the presence of magnetite in freshly synthesized samples. Samples exposed to air during quenching contain significant traces of magnetite, as evidenced by the presence of a Verwey transition at −150°C. Samples quenched directly into water show no initial sign of magnetite. However, after several heating and cooling runs in an Ar atmosphere, most samples developed a clear magnetic susceptibility anomaly at ∼−150°C, indicating that magnetite forms during the hightemperature measurements. This implies that the oxygen fugacity during a typical high-temperature susceptibility measurement lies within the stability field of magnetite (this was confirmed by measurements of a fine-grained hematite sample, which was observed to be partially reduced to magnetite during high-temperature susceptibility measurements under flowing Ar). A high temperature susceptibility measurement of the unreduced olivine starting material showed no detectable magnetic transitions over the whole temperature range.
[18] The susceptibility curves of the first heating and cooling cycle of sample chond9 are depicted in Figure 6a . XRD indicates that this sample contains a quenched fcc Fe-Ni phase and a minor amount of bcc Fe. The quenched fcc Fe-Ni phase is paramagnetic at room temperature, which explains the sample's relatively low susceptibility at 30°C. The fcc Fe-Ni phase is metastable with respect to bcc Fe-Ni (martensite), which is itself metastable with respect to a two-phase intergrowth of bcc + fcc [Cacciamani et al., 2006] . Heating to 300°C provides sufficient thermal activation for the fcc Fe-Ni phase to undergo an isothermal martensitic transformation to ferromagnetic bcc Fe-Ni, causing a sudden increase in susceptibility at this temperature. The subsequent gradual rise in susceptibility, followed by a rapid drop at 585°C, can be assigned to the formation of magnetite during the hightemperature measurement. Between 700°C and 750°C bcc Fe-Ni transforms back to the fcc Fe-Ni phase, leading to a relatively sharp decrease in magnetic susceptibility, mirroring the increase observed at 300°C. The relatively restricted temperature range for the bcc-fcc transition on heating (starting at A s and finishing A f in Figure 6a ) is a characteristic of the martensitic transition in Fe-Ni [Acet et al., 1995] . The loss of susceptibility at 770°C corresponds to the Curie temperature of pure bcc Fe. This loss is recovered exactly on cooling through 770°C, indicating that the pure bcc Fe particles remain chemically and thermally stable up to this temperature. The decrease in susceptibility that was observed on heating from 700 to 750°C is not recovered on cooling due to the hysteretic nature of the martensitic transition. The transition begins at a much lower temperature (labeled M s in Figure 6a ) on cooling than it does on heating, and takes place over a much broader temperature interval. The Figure 6 . Mass normalized AC susceptibility versus temperature for sample chond9. (a) The first low-temperature run (black continuous line) was performed on the freshly synthesized sample. Several structural and magnetic transitions were observed in the first high-temperature heating and cooling runs (red continuous and dashed lines, respectively). A s = austenite start temperature (i.e., the start of the bcc to fcc transition on heating), A f = austenite finish temperature (i.e., the end of the bcc to fcc transition on heating), M s = martensite start temperature (i.e., the start of the fcc to bcc transition on cooling), M f = martensite finish temperature (i.e., the end of the fcc to bcc transition on cooling). cooling rate during the susceptibility measurement (11°C/min) is not high enough to quench in the fcc Fe-Ni phase. Instead a gradual increase in susceptibility is observed as fcc Fe-Ni transforms to ferromagnetic bcc Fe-Ni martensite in the temperature interval between M s and M f . The apparent end of the martensitic transition at M f may, in fact, be a kinetic closure temperature, as the behavior on heating suggests that kinetics of the transformation become slower than the timescale of the experiment below 300°C. [19] The results of two further high-temperature susceptibility measurements are depicted in Figure 6b . The heating curves show gradual growth of magnetite, the magnetite Curie temperature, the transformation from bcc to fcc Fe-Ni, and the Curie temperature of pure bcc Fe. On cooling the magnetic transitions in bcc Fe and magnetite were observed again. Typically the change in susceptibility at the magnetite Curie temperature (585°C) is smaller on cooling than it is on heating, which can be explained by the fact that magnetite is thermodynamically unstable in the presence of metallic Fe above 585°C and partly transforms to wüstite plus Fe [Presnall, 1995] . The slow rise in susceptibility below 550°C could be assigned to a gradual reformation of bcc Fe-Ni and potentially also the transformation of wüstite back to magnetite. With increasing number of heating cycles the signals attributed to fcc/bcc Fe-Ni decrease significantly, whereas those attributed to magnetite increase significantly. This suggests that Fe-Ni is being progressively oxidized to magnetite during repeated heating. Simultaneously, the transition from bcc to fcc Fe-Ni between A s and A f on heating becomes less sharp, indicating that the compositional range of Fe-Ni particles is becoming wider. This may contribute to the apparent increase in the pure bcc Fe signal over time.
[20] Susceptibility measurements of a second piece of the same sample replicated all the significant features described above (Figure 6c ). However, an additional anomaly was observed at around 210°C, which appeared for the first time during the first cooling cycle. The most likely explanation for this feature is the formation of small amounts of cementite (Fe 3 C; T c = 210°C [Smith et al., 1911] ), due to reaction of Fe with the excess graphite. [21] Representative FORC data are shown in Figure 7 . Despite the apparently multidomain (MD) characteristics of the individual FORC curves and extracted hysteresis parameters (Figure 7a) , the presence of highly coercive particles is revealed in the processed FORC diagram (Figure 7b ). The FORC distribution is dominated by a horizontal 'central ridge' (labeled '1' in Figure 7b ) with a broad coercivity (H c ) distribution that is diagnostic of non-interacting single-domain (SD) particles [Egli et al., 2010] . A coercivity distribution extending from 0 to 600 mT (inset to Figure 7b ) requires the presence of particles with a wide range (∼0.4-1) of axial ratios, assuming that H c is dominated by shape anisotropy and that switching occurs via coherent rotation. The narrow vertical spread of the central ridge indicates that interparticle interaction fields (H u ) are low. Vertical spreading of the FORC distribution along the ±H u directions is observed for H c < 100 mT, indicating the presence of pseudo-single domain (PSD) and MD particles. Samples containing very large (i.e., >10 mm) particles were observed to have prominent MD signals restricted to the range 0 < H c < 10 mT. This MD contribution is absent in Figure 7b . Vertically spread signals in the coercivity range 10 < H c < 100 mT are attributed to PSD particles. The PSD signal consists of a broad positive peak (labeled '2' in Figure 7b ) and a broad negative peak (labeled '3' in Figure 7b ) just underneath the central ridge. A weak negative peak just above the central ridge was occasionally observed. The combination of positive and negative peaks can be attributed to particles in the single-vortex (SV) state [Pike and Fernandez, 1999; Dumas et al., 2007a Dumas et al., , 2007b . The FORC coordinates of the positive peak are related to the nucleation (H N ) and annihilation (H A ) fields associated with the transition from SD to SV states and from SV to SD states, respectively [Pike and Fernandez, 1999] :
First-Order Reversal Curve Diagrams
Rearranging equation (3), H N and H A can be calculated from the FORC coordinates of the positive peak:
Values of H c = 56 ± 14 mT and H u = −114 ± 41 mT were calculated from the average positive peak position of ∼30 individual samples, yielding H N = 58 ± 55 mT and H A = 170 ± 55 mT. The negative peak corresponds to the lower half of a 'butterfly' structure that is diagnostic of SV states [Pike and Fernandez, 1999] . The butterfly is centered on FORC coordinates {H c , H u } = {H A , 0} and is caused by a small difference in the annihilation field for a vortex nucleating on opposite sides of a particle. The average position of the negative peak was determined to be H A = 183 ± 30 mT, which agrees well with the value of H A determined from the position of the positive peak. This agreement confirms that both peaks are related to the nucleation and annihilation of vortices. The negative 'annihilation' peak extends as far as 250 mT, suggesting that AF demagnetization up to this field would be necessary to fully remove the SV contribution to remanence.
Electron Holography
[22] Both SD and SV states were imaged directly via EH (Figure 8 ). SD states were typically observed in elongated particles and were easily recognized by their distinctive external dipolar stray fields and closely spaced interior flux lines parallel to the particle length (Particle 1, Figure 8) . SV states were observed in both "in-plane" and "out-of-plane" orientations, according to whether the vortex core lies in or out of the specimen plane (Particles 2 and 3, respectively, Figure 8 ). Electron holography is sensitive only to the in-plane component of magnetic flux. In the in-plane case we image only the central vortex core, which points roughly perpendicular to the long axis of the particle. In the outof-plane case the central vortex core appears dark and we image the in-plane flux that circles the core. Figure 8b are contours of the magnetic phase shift, which can be interpreted as lines of magnetic flux (the more closely spaced the contours, the higher the flux). Particle 1 shows a typical SD signal: uniform color and closely spaced contours within the particle, distinct dipolar stray fields outside the particle. Particle 2 shows a typical SV state with vortex core lying in the sample plane. Particle 3 shows a typical SV state with vortex core lying normal to the sample plane. Particle 4 appears to have no magnetic signal, which is an artifact caused by this particle's failure to reverse its magnetic state.
Out-of-plane vortices were much more commonly observed than in-plane vortices. This may be a consequence of the large out-of-plane component of the saturating field applied prior to the measurement of each hologram. Alternatively it may be a consequence of the particles' dimensions in the plane of the specimen being generally larger than their thickness.
[23] Two important artifacts are visible in Figure 8 . The apparent lack of magnetic signal within Particle 4 is an artifact caused by the failure of this particle to reverse its magnetization state when a saturating field was applied to the sample at ±30°tilt (no higher tilt measurements were made of this region). As described in section 2, isolating the magnetic contribution to the total electron phase shift involves subtracting pairs of phase maps obtained at positive and negative saturation . Examination of the uncorrected phase map (Figure 8a) shows that Particle 4 has a bright center and a dark perimeter, consistent with it containing an out-of-plane vortex. Non-reversing out-of-plane vortices were relatively common, due to the fact that magnetization reversal is achieved in these experiments by tilting the sample through ±30°while keeping the sign of the vertical saturating field constant. This geometry offers little incentive for the out-of-plane vortex core to switch sign. More success was achieved using a higher tilt angle of ±78°. A phase unwrapping artifact on the righthand-side of Particle 3 in Figure 8a leads to an artificial tightening of the phase contours in Figure 8b . Although such artifacts were rare, care was taken to reject any observation where they might adversely affect the identification of the domain state.
[24] Electron holography of a region containing over 60 particles with a range of sizes and axial ratios was performed in order to more tightly constrain the phase boundary between SD and SV states (Figure 9 ). Many particles are overlapping in this region (Figure 9a ), although tilting of the sample demonstrated that particles were well separated in the direction of the electron beam. Of those particles that reversed their magnetization states after tilting to ±78°in a saturating field, the more elongated ones are predominantly in an SD state and the more equidimensional particles are predominantly in an out-of-plane SV state. A spectacular SD particle over 200 nm long is visible in the upper right corner. A summary of the holography results, incorporating data from all regions and applied fields studied, is presented in Figure 10 in the form of a "Butler-Banerjee" plot of domain state as a function of particle length and axial ratio [Butler and Banerjee, 1975] . Only data from non-overlapping particles with an unambiguous magnetic signal are included in Figure 10 . Particle lengths and axial ratios were estimated from best fitting ellipses obtained by particle analysis of the two-dimensional mean inner potential maps (see section 2). This calculation assumes that the particles are ellipsoids of revolution. Large error bars on the axial ratios in Figure 10 indicate estimates of the uncertainty based on direct measurement of the thickness of the particles via electron holography (Table 3) . Some particles were observed to switch between in-plane and out-ofplane SV states, and some were observed to switch between SV and SD states as a function of the applied field. Two phase boundaries are drawn on the plot: the lower boundary defines the limit of stable SD states; the upper boundary defines the limit of metastable SD states [Fabian et al., 1996; Muxworthy and Williams, 2006] . Particles lying between the two boundaries can exist in either stable SV or metastable SD states, according to the field history of the sample. The extrapolated limit for SD Figure 9 . Electron holography results illustrating the variation in SD vs SV states for particles with a range of sizes and axial ratios. Reversed pairs were obtained by tilting the sample to ±78°in a 2.2 T vertical field. (a and b) These plots correspond to mean inner potential and magnetic flux maps, respectively, as described in the caption to Figure 8 . Numbers in white refer to the SD particles analyzed and listed in Table 3 .
states in equidimensional particles is 28 nm, which is equal to that obtained in recent micromagnetic calculations [Snoeck et al., 2008] . Our results are broadly consistent with the theoretical position of the lower boundary predicted by Butler and Banerjee [1975] , shown in gray.
[25] Quantitative analysis of the magnetic phase shift can, in principle, be used to determine an Figure 10 . Phase diagram showing the limit of stability for SD states as a function of particle length and axial ratio (width/length), assuming each particle has an equidimensional cross section. Length and width were calculated from the major and minor axes of best fitting ellipses via particle analysis of the mean inner potential map (Figure 9a ). Error bars are shown for the 6 SD particles listed in Table 3 . These error bars illustrate the difference between the axial ratio based on particle analysis and estimates based on direct measurement of the width, length and average thickness of each particle via electron holography. SD (diamonds), out-of-plane SV (circles) and in-plane SV (hourglass) states are shown. Where a particle was observed to adopt more than one type of domain state, depending on the value of the applied field, the alternative state is shown in blue. All particles plotting to the left of the shaded area are predicted to adopt SD states. All particles plotting to the right of the shaded area (guide to eye) are predicted to adopt SV states. Particles plotting inside the shaded area are predicted to adopt either an SD or an SV state, depending on the field history. The dashed line is the theoretical limit of SD stability for prolate ellipsoidal particles [Butler and Banerjee, 1975] . 
Geochemistry Geophysics
Geosystems G 3 G absolute value for the magnetic moment of a particle. Usually, such analysis is restricted to uniformly magnetized particles with well-defined shapes (e.g., spheres), for which analytical expressions for the magnetic phase shift can be derived . Recently, however, a general method for measuring the magnetic moment of a particle has been developed, that does not depend on the particle's shape or magnetization state [Beleggia et al., 2010] . The measurement scheme is based on a loop integral of the phase image around a circular boundary containing the structure of interest:
where M x and M y are the in-plane components of the magnetic moment vector, ħ is the reduced Planck's constant, R c is the radius of the integration circle, e is the electron charge, m 0 is the permeability of free space, and f(R c cosq, R c sinq) is the phase shift at a given angle q around the integration circle. Values of M x and M y obtained by numerical integration of equations (6) and (7) around Particle 1 in Figure 9 are plotted in Figure 11a . Beleggia et al. [2010] showed that the likely sources of error in this method scale with R c 2 , and hence a measurement of the true moment (M 0 ) can be obtained fitting a function of the form M = M 0 + aR c 2 to data obtained over a range of R c values. Despite the limited range of usable R c values (due to the combined effect of the particle's position at the edge of the hologram and interference from neighboring particles), a well constrained fit was obtained (Figure 11a ). The resulting angle of the total moment vector agrees well with the experimental data ( Figure 11b ). The accuracy of the absolute value of the magnetic moment was confirmed by image simulation using the method of Beleggia and Zhu [2003] , which shows excellent quantitative agreement between the measured versus predicted phase shift maps (inset to Figure 11b ). Full details of these image simulations are beyond the scope of the current paper and will be presented elsewhere.
[26] Moment measurements for the five largest SD particles in Figure 9 and Particle 1 from Figure 8b are presented in Table 3 , together with measurements of the lateral dimensions and cross-sectional areas determined via particle analysis. If we assume that the particles are uniformly magnetized with a saturation magnetization of 1750 kA/m [Garrick-Bethell and Weiss, 2010] then the moment measurement can be used to calculate the particle volume. The average thickness of each particle was Figure 11a . Quantitative agreement between the simulated (inset) and observed phase shifts confirm the accuracy of the method. determined by dividing the volume by the crosssectional area. In all cases the average thickness is less than the width of the particle. This is partly a geometrical anomaly caused by the comparison of average thickness with the full width of the particle, but also partly due to bias in the way that suitable particles are selected for study in the TEMthinner particles produce less diffraction contrast and are less likely to produce artifacts in the phase reconstruction. Estimates of the axial ratio were determined via the formula (width + thickness)/2*length.
Discussion
Thermal Relaxation Characteristics of Potential Remanence Carriers
[27] The combination of FORC diagrams and electron holography measurements demonstrate unambiguously that remanence carriers in synthetic dusty olivine are dominated by non-interacting SD and SV states with high coercivities (up to 250 mT for SV states and up to 600 mT for SD states). Noninteracting SD particles with uniaxial shape anisotropy make ideal remanence carriers, as they obey well-established theories that allow their behavior to be predicted as a function of time, temperature and applied field [Stoner and Wohlfarth, 1948; Néel, 1949 Néel, , 1955 . The direct measurement of particle volumes via electron holography allows us to place strict constraints on the thermal relaxation characteristics of the SD remanence carriers and address the critical question of whether any of the particles studied have the necessary characteristics to acquire and maintain a faithful record of pre-accretionary magnetic fields.
[28] The thermal relaxation characteristics of SD kamacite particles with uniaxial shape anisotropy can be calculated following the work by Garrick-Bethell and Weiss [2010] (which is itself based on the thermal relaxation theory of Néel [1949] and the approach of Pullaiah et al. [1975] ). The blocking temperature, T B , is related to the particle volume, V, saturation magnetization, M s (T), microcoercivity, H K (T) (in Tesla), and the observation time, t obs , via:
where t 0 = 1 × 10 −10 s, k B is the Boltzmann constant and T is temperature. For particles dominated by shape anisotropy, the coercivity is proportional to the saturation magnetization. Hence the temperature dependence of H K can be expressed in terms of the temperature dependence of M s :
where b(T) is an empirical function describing the magnetic transition in Fe:
Values of M s (0) = 1750 kA/m and T c = 1044 K were taken from Garrick-Bethell and Weiss [2010] . Substituting equations (9) and (10) into equation (8) and rearranging we obtain the relation:
The term on the left hand side of equation (11) is a two-dimensional function of T B and t obs . A contour plot of this function is shown in Figure 12 .
The locus of T B as function of t obs for particles with a given combination of volume and coercivity traces out a "blocking contour" on this diagram, with the contour level given by the value on the right hand side of equation (11).
[29] To calculate the correct contour level for the SD particles observed by EH (Table 3) we require an estimate of coercivity for each. With one exception, we were unable to get the SD particles to switch their magnetic state at intermediate fields (100 mT − 1.5 T) in the ±30°tilt holography measurements. The one particle that switched (particle 5 in Figure 9 ) did so in a field of 300 mT applied at 60°t o the easy axis, which yields an intrinsic coercivity of ∼600 mT (the intrinsic coercivity being that which would be obtained for fields applied parallel to the easy axis). This is close to the calculated coercivity of this particle based on Stoner-Wohlfarth theory and the observed average axial ratio of 0.4 (H c SW = 638 mT; Table 3 ). This agreement implies that Stoner-Wohlfarth theory provides a realistic upper estimate of coercivity for these particles. Corresponding upper limit estimates of the blocking contour levels range from 5.8 to 7.2 ( Table 3) , all of which place these particles on vertical blocking contours close to the Curie temperature of pure Fe (Figure 12 ). For particles that switch via a non-coherent rotation mechanism, the switching field will be significantly less than the Stoner-Wohlfarth values [Jacobs and Bean, 1955] , especially in larger particles that might reverse by the formation and propogation of vortex states. Lower limit estimates of the blocking contour levels were calculated using a value of 170 mT for the lower limit of coercivity (this value corresponds to the lowest coercivity of SD particles that would still carry remanence after AF demagnetization to 170 mT was performed in order to remove SV remanence). Even this conservative lower estimate of coercivity leads to blocking contour levels in the range 5.2-6.5 (solid lines in Figure 12 ), implying that particles would acquire TRM on cooling to just 25°C below their Curie temperature during chondrule formation (assuming t obs = 10 2 s), and that this TRM would remain thermally stable on a time scale of 4.6 Ga (t obs = 10 17 s) at temperatures up to 680°C. Since this temperature is far above that experienced by any unequilibrated ordinary chondrite (the temperature during thermal alteration of the Bishunpur meteorite, for example, never exceeded 350°C [Rambaldi and Wasson, 1981] ), we can conclude that the >170 mT fraction of SD particles exhibit all the necessary characteristics for acquiring and maintaining a record of pre-accretionary remanence.
Comparison Between Natural and Synthetic Dusty Olivine
[30] The results from the optical microscope, SEM and TEM observations show that the microstructures produced in this study resemble to a good approximation those of natural dusty olivine in chondrules. The metal inclusions are of comparable sizes and their microstructural distribution matches those of structures found in natural samples [Leroux et al., 2003] . The XRD experiments confirmed the formation of enstatite as a by-product of this reduction, as proposed by Boland and Duba [1981] and Pack et al. [2003] . The magnetic susceptibility measurements demonstrate the formation of a pure Fe bcc phase that remains stable throughout several heating and cooling cycles. The stability of this high coercivity component with respect to high temperatures is crucial, as this constituent might provide the most reliable carrier of pre-accretionary remanent magnetization.
[31] Magnetic transitions related to the presence of Ni-bearing Fe-phase(s) are a complicating factor in Figure 12 . Blocking contour diagram for pure Fe [after Garrick-Bethell and Weiss, 2010] . Contours are labeled with a level number, x, which corresponds to a value of 10 x on the right hand side of equation (11). Contours without labels correspond to x = 5.7-6.5 in steps of 0.1. Continuous contour lines represent the predicted range of blocking behavior for the six SD particles analyzed via electron holography (Table 3) . Open and closed circles represent the lower-limit blocking temperatures of Particle 5 (Figure 9 ) during remanence acquisition (assuming cooling occurs within 100 s) and metamorphic heating (assuming heating occurs over the whole 4.6 Ga lifetime of the meteorite), respectively. The blocking contour for Particle 1 (Figure 9 ) has a lower limit of x = 6.5 (Table 3) unraveling the magnetic properties of these samples. These transitions change with the number of heating and cooling runs, presumably due to diffusional redistribution of Fe and Ni atoms within the particles. The presence of a quenched paramagnetic fcc Fe-Ni phase in natural chondrules would have serious paleomagnetic implications, as even mild metamorphic heating on the meteorite parent body would be sufficient to cause the formation of ferromagnetic Fe-Ni martensite and the acquisition of an inverse transformation remanent magnetization. That said, TEM studies of natural samples containing dusty inclusions indicate Ni contents are typically <2wt% [Leroux et al., 2003] , and, therefore, natural samples are unlikely to encounter any of the complications observed in our more Ni-rich synthetics. We conclude that natural dusty olivine containing <2wt% Ni will have acquired a standard TRM on cooling and will remain thermally and chemically stable during laboratory heating.
Concluding Remarks
[32] The presence of high-coercivity, non-interacting SD particles dominated by shape anisotropy makes dusty olivine an ideal carrier of paleomagnetic signals. We have shown that many of these particles would acquire a stable TRM the instant they are cooled below the Curie temperature of Fe, and that this remanence would remain stable throughout the 4.6 Ga year lifetime of the meteorite. The fact that such particles are embedded within a protective matrix of silicate increases the likelihood that they will survive without oxidizing when exposed to Earth's atmosphere, and the high coercivities mean that they are also likely to withstand the generally low levels of shock typical of unequilibrated ordinary chondrites such as Bishunpur (shock grade S2very weakly shocked [Kojima et al., 2003; Bezaeva et al., 2010; Gattacceca et al., 2010] ). Hence dusty olivine cannot be ruled out as a carrier of preaccretionary remanence on the basis of its mineral magnetic properties. Some open questions remain, however. First, given the uncertainty regarding the origin of chondrules, it is not clear what the orientational relationship between the chondrules and the magnetizing field might have been during their formation. For instance, impact-generated chondrules may have been moving and tumbling with respect to the magnetic field lines, similar to the impact spherules described by Weiss et al. [2010b] , leading to erratic remanence directions. A stable direction may be recorded if chondrules are spinning about a single axis, however, as is observed in cosmic spherules [Suavet et al., 2011] , although there will be a range of paleointensities recorded for a given magnetic field strength depending on the angle between the field and the chondrule spin axis. Our demonstration that many particles acquire magnetization instantly on cooling through the Curie temperature may mitigate some of these problems, as it increases the likelihood that chondrules record an instantaneous snapshot of the magnetizing field when cooling is rapid (estimates of chondrule cooling rates vary between 10 and 1000°C/hour ). Second, based on particle analysis (Figure 1 ) and the observed phase boundary between SD and SV states ( Figure 10) , a significant proportion of the remanence within natural dusty olivine is likely to be carried by particles in the SV state. Unlike SD states, the remanence blocking temperature of SV states is not the same as their remanence unblocking temperature, hence violating the law of reciprocity [Dunlop and Özdemir, 2001 ]a standard requirement for absolute paleointensity determination using the Thellier-Thellier method. The SV remanence can either be treated as an unwanted contamination of the SD remanence, in which case it can be effectively removed by AF demagnetization to fields greater than the maximum SV annihilation field (∼250 mT), or as a stable component of the pre-accretionary signal, which would require the development of a full theoretical model of PSD TRM for these particles [e.g., Winklhofer et al., 1997] . The recognition of SV states as important remanence carriers in meteorites will provide fresh impetus for the development of such theories.
